Leaching waste-altered Hanford sediments with neutral solutions desorbs Sr from de novo waste-generated minerals and desorbs Cs from high-affinity ion exchange sites.
INTRODUCTION
Considerable efforts have been made toward understanding the behavior of contaminants introduced into sediments surrounding high-level radioactive waste (HLRW) storage sites at several Department of Energy (DOE) facilities (Hanford Site, WA; Savannah River Site, SC; Oak Ridge Site, TN) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Principal radionuclide contaminants at the Hanford 3 Site- 137 Cs, 90 Sr, and 129 I-have markedly different reactive transport behaviors influenced by the chemical composition of the waste solution and its interaction with the solid phase (6, 9, 13, 14) . Hyperalkaline, high ionic-strength waste solutions can induce rapid, incongruent sediment weathering reactions that dramatically alter contaminant sequestration (5, 10, (15) (16) (17) . Prior laboratory experiments, conducted to mimic wastesediment interaction under 'near-field' conditions (i.e., close proximity to highly alkalinized waste (18, 19) ) indicate that co-precipitation of Cs and Sr within de novo feldspathoid and carbonate mineral assemblages can occur due to the combination of hyperalkalinity (pH >13.5), with elevated Al (aq) and NO 3(aq) concentrations (8, 12, 17, 20) .
This geochemical process has been documented in experiments involving homogeneous nucleation, specimen clays, and pristine Hanford sediments (2, 5, 8, (10) (11) (12) 16) . This reduced contaminant mobility is significant given the severity of radioactive contamination at the Hanford site (15, 18) . However, toward the DOE goal of site closure, the long-term persistence of these co-precipitates must be assessed, especially for conditions where sediment pore water is again fed by rainwater recharge after removal of the caustic source. Thermodynamic calculations predict infiltration solutions may then be under-saturated with respect to the feldspathoid weathering products, thereby promoting dissolution (16, 21) . The rate of neo-formed feldspathoid dissolution and subsequent contaminant desorption under these conditions remains unknown. Prior studies of Cs and Sr desorption from Hanford sediments have focused on ion exchange processes (3, 6, 14) and carbonate dissolution (6) . Alteration of the sediments during hyperalkaline weathering certainly may have effects on ion exchange processes (22) , but perhaps more significant is the potential for subsequent dissolution of neo-formed minerals to re-supply 4 contaminants over the long-term. In addition, sediments are likely exposed to a pCO 2 gradient between the center and edge of the plume. 
MATERIALS AND METHODS
Sample Collection. Sediments similar in character to those beneath the leaking underground tanks at the DOE Hanford Site were collected from uncontaminated areas within the Hanford Formation. Sediments were collected from the 218-E-12B Burial
Ground excavation site (23) . Sediments were air dried, sieved to obtain the < 2 mm fraction, and used without further modification.
Sediment contamination/reaction procedure. We modified and upscaled the experimental batch reactions used by Chorover and co-workers (11, 12, 20, 24) (27) . Cation exchange capacity (CEC) was measured using a modified Cohex method Kinetic dissolution/precipitation modeling. Distribution of species calculations and the simulation of dissolution/precipitation and transport in the column experiments were 9 carried out with the reactive transport code Crunchflow (www.csteefel.com). The initial PV's of element desorption were extremely complex involving dissolution of multiple, highly-labile minerals concurrently with evolving ion exchange processes. Preliminary modeling using separate Sr and Cs affinity parameter sets confirms we can neglect transient ion exchange dynamics for Sr 2+ at >500 PV's, which adheres primarily to generalized planar sites (6), but we cannot neglect the exchange of Cs + over this period (14) . The strong affinity of Cs + for frayed-edge sites (FES) on these illitic sediments extends Cs desorption by ion exchange beyond 300 PV's under our experimental conditions. We therefore set out to couple the 3-site ion exchange model of Steefel et al (14) , which was parameterized for Cs exchange on similar Hanford sediments, with a set of mineral dissolution components selected based on XRD and TEM characterization of the reacted materials. Representative mineral reactions include: (A) dissolution of a Srsubstituted feldspathoid [Na (8-2x) and [+CO 2 ], respectively. This provided a unique fit to the data.
DISCUSSION
The qXRD, FTIR, TEM-EDS, and selective extraction data all confirm the formation of feldspathoid minerals in our reacted sediments consistent with prior observations (2, 10, 12, 24 )(see Table 1 and S-3, S-5 and S-6 of the Supporting Information).
Influence of pCO 2 . The pCO 2 during STWL reaction did not alter the total Sr and Cs sorption (Table 1) , but it did impact mineral weathering processes (S-3 of the Supporting Information) and the subsequent desorption during BPW leaching. More Sr (66% vs. 28%) and Cs (13% vs. 8%) was desorbed in BPW from sediments weathered in the absence of CO 2 ( Figure 2 ). For Sr, the greatest desorption rates were measured at early PV's. This Sr was likely sorbed to ion exchange sites or kinetically labile minerals. This Figures 1, 2 and 3 ). This proposed mechanism is consistent with greater overall weathering in the [-CO 2 ] treatment.
It is important to note however, that pCO 2 has only a minor impact on the longterm Cs and Sr desorption rates or effluent concentrations ( Figure 1 ). In fact, although long-term differences do exist between treatments, long-term fractional desorption rates (>500 PV) for both contaminants in both treatments fall within a narrow range of 0.0001 -0.0004 f m PV -1 (S-7 of the Supporting Information), where f m is the fraction of total contaminant sorbed to the sediment. This bodes well for future modeling efforts because it suggests long-term re-supply of Sr and Cs should be less subject to nonlinear effects due to initial pCO 2 .
Modeled Cs desorption characteristics. (Figure 3 ). This does not prove that Cs is excluded from co-precipitating with neoformed minerals during the weathering process, but rather that there is no need to invoke mineral dissolution to explain the dataset. In fact, the mass of Cs sorbed by the sediments (~0.1 mmol kg -1 ) is well below the expected FES density (ca. 2 mmol c kg -1 ) (3, 14) . Nonetheless, after 600
PVs only 16% of the applied Cs has been desorbed. Table 1 . Distribution of Sr, Ca, Cs, I, Al, Si and Fe in the 6-mo reacted sediments.
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